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Flammability of oil-based painted gypsum wallboard subjected to fire heat fluxes 
Frederick W. Mowrer, Ph.D. 
Department of Fire Protection Engineering 
University of Maryland 
ABSTRACT 

The flammability of painted gypsum wallboard (GWB) exposed to fire heat fluxes is 
investigated. GWB samples coated with multiple layers of alkyd/oil-based paint are subjected to 
constant incident heat fluxes of 35, 50 and 75 kW/m’ in the Cone Calorimeter for periods of 5, 
10 and 15 minutes. A number of coats of alkyd/oil-based interior semi-gloss enamel paint, 
including 1, 2, 4, 6 and 8 coats, are applied over a single coat of oil-based primer to the exposed 
surface of 16-mm (5/8-in.) thick type X GWB. Unpainted type X GWB is also evaluated under 
the same exposure conditions. The potential for upward flame spread based on the Cone 
Calorimeter results is evaluated. The occurrence of paint “blistering” is observed to have a 
significant effect on the time to ignition and consequently on the potential for upward flame 
Perea Further work is needed to evaluate the conditions under which “blistering” will occur 


and its effects on the potential for surface flame spread on painted gypsum wallboard. 


Keywords: Cone Calorimeter, fire model, flame spread, gypsum wallboard, oil-based paint 


Nomenclature 


Quintiere flammability parameter (defined in Equation 1) 


Specific heat (kJ/kg.K) 
Ignition response parameter (kW/m’)’-s C “ kpesTs 


Thermal conductivity (kW/m.K) 

Characteristic flame length coefficient (~0.01 m*/kW) 
Fuel heat of vaporization (kJ/kg) 

Fuel mass per unit area of surface (kg/m’) (= po ) 


Characteristic heat release per unit area (kJ/m’) 
Characteristic heat release rate per unit area (k W/m’) 
Net heat flux to fuel surface (kW/m’) 

Characteristic ignition time (s) 

Characteristic burning duration (s) [= Q"/Q” ] 


Effective ignition temperature (°C) 
Ambient temperature (°C) 


Proportionality constant for net heat fluxes for ignition and for burning (-) 
Fraction of imposed heat flux absorbed at fuel surface (-) 
Fraction of fuel that must be vaporized to form ignitable mixture at fuel surface (-) 


Fuel surface thickness (m) 


Fuel heat of combustion (kJ/kg) 
Fuel heat of vaporization (kJ/kg) 
Ignition temperature rise above ambient (T;, — T,) 


Density (kg/m’) 


Introduction 

Painted gypsum wallboard (GWB) is one of the most widely used interior wall and 
ceiling finishes in the United States and perhaps throughout the world. Consisting of a core of 
gypsum (calcium sulfate dihydrate) sandwiched between two paper facers, GWB is available in a 
range of standard sizes and thicknesses. Because of its low cost, ease of installation and 
desirable finish characteristics, the use of GWB has largely replaced the use of traditional lath 


and plaster in both residential and commercial applications. 


In many fire scenarios involving painted GWB finishes, the exposed painted surface and 
paper facer have been observed to burn out locally when subjected to fire heat fluxes. Fire 
investigators frequently use such damage patterns to draw conclusions regarding the 
development of a fire [1]. In other scenarios, the painted surface and paper facer have been 
observed to propagate a fire. The objective of this study is to evaluate the potential for flame 
spread on painted GWB and to determine the exposure conditions under which flame 
propagation is expected to occur. Cone calorimetry has been used in conjunction with a flame 


spread model developed by Quintiere and coworkers [2,3,4] to perform this evaluation. 


In this project, GWB samples painted with 1 to 8 coats of alkyd/oil-based interior paint 
over 1 coat of oil-based primer are subjected, along with unpainted samples, to heat fluxes of 35, 
50 and 75 kW/m’ in the Cone Calorimeter for periods of 5, 10 and 15 minutes. Three replicate 
tests are conducted for each coating-heat flux-duration combination. Since all burning is 
essentially completed within the first 5 minutes of each test, for practical purposes there are 9 
replicate tests for each coating-heat flux combination. The different test durations were used to 


evaluate the deyhdration of the GWB; results of the dehydration study are reported elsewhere [5]. 


Background 

The potential fire hazards associated with multiple layers of surface coatings have been 
recognized and addressed to some extent, particularly in the United Kingdom [6, 7]. As far back 
as 1954, Pickard [6] reported on the potential effects, both positive and negative, that paints and 
other surface coatings can have on the ignition and flame spread of combustible surfaces. More 
recently, Murrell and Rawlins [7] addressed the fire hazard of surfaces coated with multiple 
layers of paint following a number of fires, including the Kings Cross Underground fire in 
London and a number of stairway fires in New York tenements, where this factor was perceived 
to be significant. They conducted standard tests with samples coated with 14 layers of paint, 
using a variety of “aged” and “unaged” oil-based and water-based finishes. For these samples, 
they observed that flame spread was supported only for imposed heat fluxes over 15 kW/m’. 
They noted that poor adhesion and “blistering” affects performance. They concluded that all 
existing paint films should be perceived as potentially flammable and that the end-use hazards of 


existing paint films should be appropriately ascertained and addressed. 


In a previous study by McGraw and Mowrer [8, 9], GWB samples were painted with 2 to 
8 coats of a latex-based interior paint plus one coat of a latex-based primer, then subjected to heat 
fluxes of 25, 50 or 75 kW/m’ in the Cone Calorimeter for periods of 5, 10 or 15 minutes. 
Unpainted samples were similarly evaluated. Results of this previous study suggest that these 
painted surfaces are not likely to spread a fire under ambient temperature conditions at imposed 
heat fluxes of less than approximately 75 kW/m’, regardless of the number of paint coats, but 


that they may spread a fire at this heat flux and higher. The behavior of GWB coated with 


various layers of oil-based paint is of interest to see how its performance compares with that of 


GWB coated with latex-based paint. 


Sample Preparation 

The GWB samples were prepared by first cutting 162 specimens, each 10 cm square, 
from sheets of 15.9 mm (5/8 in.) thick type X GWB obtained at a local home improvement 
center. The samples were all weighed and the masses of the unpainted samples were recorded. 
27 of the 162 samples were set aside to serve as the unpainted samples. After each stage of 
preparation and before weighing and testing, the samples were stored in a conditioned laboratory 


at a temperature of approximately 20°C and a relative humidity of approximately 50% until dry. 


The remaining 135 samples were coated with a single layer of oil-based interior primer 
and a single layer of alkyd/oil semi-gloss enamel using a paint roller. These samples were 
allowed to dry between and after each application, then they were weighed and their masses were 
eeried 27 of these 135 samples were set aside to serve as the 1-coat samples. The remaining 
108 samples were then coated with a second layer of oil-based interior paint using a paint roller. 
After drying, these samples were weighed and their masses were recorded. 27 of these 108 


samples were set aside to serve as the 2-coat samples. 


The remaining 81 samples were coated with two more layers of paint. After drying, these 
samples ere weighed and their masses were recorded. 27 of these 81 samples were set aside to 
serve as the 4-coat samples. The remaining 54 samples were coated with two more layers of 
paint. After drying, these samples were weighed and their masses were recorded. 27 of these 54 


samples were set aside to serve as the 6-coat samples. The remaining 27 samples were coated 


with two more layers of paint to serve as the 8-coat samples. After drying, these samples were 


weighed and their masses were recorded. 


The samples were divided into three sets, with 9 samples for each coating category 


included in each set. Sample set designations and corresponding heat fluxes were assigned as: 


e Set 1—35 kW/m’ exposure 
e Set 2—50kW/m’ exposure 
e Set 3—75 kW/m’ exposure 


Of the 9 samples in each coating category for each heat flux, 3 were tested for 5 minutes, 3 for 10 
minutes and 3 for 15 minutes. Since all burning was effectively completed within the first 5 
minutes for samples that ignited, for purposes of flammability evaluation there were 9 replicate 
tests conducted for each heat flux — coating combination. The different test durations were used 
to evaluate the dehydration of the gypsum wallboard samples [5]; they did not influence the 


flammability evaluation. 


The mass of each GWB specimen before painting was determined and recorded. These 
weights are provided in Table 1(a) for Set 1, in Table 1(b) for Set 2 and in Table 1(c) for Set 3. 
The average mass of the 162 unpainted samples was determined to be 110.2 g. The volume of a 
sample is calculated to be 1.6 x 107° m’ based on specimen dimensions of 10 cm by 10 cm by 1.6 
cm. From this average sample mass and calculated volume, the average bulk density of an 
unpainted sample is calculated to be 693.1 kg/m°. According to the manufacturer of the GWB 
used for this testing [10], the paper on the front surface weighs approximately 220 g/m? (45 
Ibs./1000 sq. ft.), while the paper on the back surface weighs ctormereg PSR 205 g/m? (42 


Ibs./1000 sq. ft.). Thus, the paper on the exposed surface of a 0.1 m square test specimen would 


weigh approximately 2.2 g and would constitute approximately 2 percent of the weight of an 


unpainted sample. 


The individual and average sample weights were measured and recorded at each stage of 
preparation; they are provided in Tables 1(a) to 1(c). From these data, the individual and average 
masses associated with the different layers of paint can be determined. The average paint mass 
associated with the different layers of paint are shown in Figures 1 to 3 for sample sets 1 to 3, 
respectively, while the average application rate (mass/area) per coating for the three sample sets 
are shown in Figure 4. As evident in Figure 4, there was some variability in the application rate 
for each coating as well as between sample sets. The variability based on the number of coatings 
can be explained, at least in part, by the decreasing absorptance of the surface as additional paint 
coats are added, although this does not explain the increase in paint mass per coating that occurs 
between the 3/4" and 5"/6" applications. This variability as well as the variability between 
sample sets can only be described in terms of random variability in the application rate since all 
the samples were coated at the same times by the same person using the same technique. On 
average, each coating of paint or primer added approximately 0.7 g of mass to a GWB sample, 
although this value ranged from approximately 0.4 to 1.0 g depending on the coating and set 
numbers. For the 0.1 m square GWB samples, this yields an application rate of 70 + 30 g/m’ as 


shown in Figure 4. 


This application rate of 70 + 30 g/m* was compared with product literature [11] on 
recommended application rates for the paint used in this project. In US units, a gallon (3.785 1) 
of the alkyd/oil semi-gloss enamel weighs approximately 11 pounds (5 kg) and has a 


recommended coverage of 400 square feet (37.2 m*) per gallon on smooth surfaces, such as 


GWB. This yields a wet application rate of 134.5 g/m’. The percent of solids by weight in this 
oil-based paint is approximately 72 percent. Assuming this 1s the fraction of the weight 
remaining on the coated surface once the paint has dried, with the remaining fraction evaporated | 
during the drying process, the recommended dry application rate would be 96.9 g/m’. This 
would suggest that the average application rate during sample preparation was approximately 72 


percent of the recommended application rate for this paint. 


The exact composition of the paint used for this project 1s not known; information 
provided in the material safety data sheet for this product [12] on the ranges for the various 
components on a wet basis is provided in Table 2. Based on a review of these components, the 
only combustible component in this mixture after drying is believed to be the “synthetic resin 
complex,” which constitutes approximately 25 percent of the mixture weight on a wet basis and 
approximately 35 percent of the mixture weight on a dry basis. The remaining 65 percent of the 
paint coating on a dry basis would consist of the noncombustible components of the dried paint, 
including the calcium carbonate, diatomaceous earth, hydrous aluminum silicate, titanium oxide 


and zinc oxide identified in the material safety data sheet. 


Cone Calorimeter Tests 

Testing of the painted and unpainted GWB samples was performed in the Cone 
Calorimeter located in the Potomac Laboratory of the Department of Fire Protection Engineering 
at the University of Maryland. The Cone Calorimeter was calibrated and operated in general 
accordance with the procedures for Cone Calorimeter testing described in various standards [13, 


14]. 


Heat release rates and mass loss rates were calculated in accordance with NFPA 271 [13] 
based on measured test data, including sample mass, exhaust mass flow rates and oxygen 
concentrations. Data were typically acquired every 2 seconds. The oxygen analyzer data was 
time-shifted to account for transport lag in the gas sampling line, but adjustments are not made 
for instrument response lags [15]. Data acquired during a test were imported into an Excel 
spreadsheet template, then heat release and mass loss calculations were performed in accordance 
with NFPA 271 within the spreadsheet template. These calculated parameters were then plotted 
on graphs within the template. Data and graphs for each test were then saved in Excel format 


under the filename associated with the test numbers shown in Tables 1(a-c). 


Exemplar heat release rate curves are shown in Figure 5(a) for sample painted with 4 
coats of paint plus primer that was exposed to a heat flux of 35 kW/m’. Exemplar mass loss rate 
and total sample mass curves are shown in Figure 5(b) for the same sample. Similar curves are 
shown in Figures 6(a) and 6(b) for an imposed heat flux of 50 kW/m’ and in Figures 7(a) and 
7(b) for an imposed heat flux of 75 kW/m’. Figure 8(a) shows exemplar heat release rate curves 
for samples with different coatings of paint subjected to an imposed heat flux of 35 kW/m’. 
Figures 8(b) and 8(c) show similar data for imposed heat fluxes of 50 and 75 kW/m’, 


respectively. 


The ignition time of the GWB samples was measured in two ways. First, the data 
acquisition system for the Cone Calorimeter was used. In this procedure, a button on the Cone 
Calorimeter assembly is depressed when ignition is first observed and is held down as long as 
burning persists for up to 10 seconds. Based on this procedure, the Cone Calorimeter data 


acquisition program reports the time to ignition. Second, a stopwatch was used to manually 


measure ignition times, which were then recorded. While differences between the two methods 
are generally small, the second method consistently yielded more accurate ignition times, so 
these are the values that are reported. Differences between the two methods are most likely 
attributable to the finite scan rate of the data acquisition system as well as the reliance on human 


action for both methods. 


The ignition times based on stopwatch data are shown in Tables 1(a) to 1(c) for all 
samples. Ignition times are plotted for all samples in Figures 9(a) to 9(c) for data sets 1 to 3, 
respectively. Samples that did not ignite or for which data are not available are indicated by the 
absence of a time to ignition in the tables and figures. Average ignition times are plotted along 
with standard deviations in Figures 10(a) to 10(c) for data sets 1 to 3, respectively. Samples that 


did not ignite are not included in the average or standard deviation calculations. 


An interesting phenomenon, “blistering,” was observed during some of the Cone 
Calorimeter tests. When blistering occurred, the paint film would delaminate from the GWB 
substrate and form one or more bubbles above the GWB surface. Eventually, cracks would form 
in these bubbles, vapors would be ejected from these cracks under pressure, then ignition would 
occur. Blistering was accompanied by a marked decrease in the time to ignition, typically by a 
factor of 3 to 4 when compared with samples that did not blister. This is illustrated in Figures 
9(a-c) and 10(a-c), which also show that the potential for blistering is a function of both the 
imposed heat flux and the number of coats of paint. At 35 kW/m’, blistering was only observed 
for samples with 8 coats of paint, except that one of the nine samples with 6 coats of paint also 


blistered. At 50 kW/m’, blistering occurred for all samples with 4 or more coats of paint, but not 
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for any samples with 2 coats of paint or less. At 75 kW/m’, blistering occurred for all samples 


with 2 or more coats of paint, but not for any samples with 1 coat of paint or less. 


Analysis 

The potential for upward or concurrent flow flame spread on painted GWB is evaluated 
based on the model developed by Quintiere and coworkers [2, 3, 4]. This model considers the 
potential for flame spread in terms of the ignition and burnout of surface elements as they are 
subjected to heat fluxes imposed by the flame and external sources. The details of the model and 
its simplifying assumptions are described elsewhere [2]. What is significant for the present 
discussion is that this flame spread model produces a dimensionless "flammability parameter," 


defined as: 
b=k,O"—(t, /t,)-1 (1) 


According to the Quintiere model, acceleratory upward flame spread is indicated when the value 
of the flammability parameter is positive, while decay to extinction is expected if its value is 
negative. Steady fire propagation is expected if the flammability parameter evaluates exactly as 


Zero. 


Evaluation of the flammability parameter requires evaluation of the respective parameters 
used to calculate it. Dillon, et al. [16] discuss a number of ways to interpret Cone Calorimeter 
data for use with the Quintiere model. Mowrer and Williamson [17] describe a technique for 
using Cone Calorimeter data directly to evaluate these characteristic parameters and the 
associated flammability parameter for thin finish materials adhered to noncombustible substrates. 


These materials tend to exhibit distinct peaks in their heat release rate histories due to their 
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relatively short burning durations. While originally developed for textile wallcoverings adhered 


to GWB, this technique should also be applicable to painted GWB, so it is used here. For a 
given incident heat flux, the ignition time (t,,), the peak unit heat release rate (O" ) and the unit 


total heat release (Q” ) are measured and substituted directly into Equation 1. 


The unit peak heat release rate 1s calculated based on measurements made during a Cone 
Calorimeter test. Calculated values of the unit peak heat release rate are provided in Tables 1(a) 
to 1(c) for all the specimens in the three data sets. They are also poten in Figure 11 asa 
function of the number of coats of paint for each data set. It should be recognized that heat 
release rate curves with distinctive spikes have uncertainty in the peak value due to the finite data 
acquisition intervals, transport lags and instrument response characteristics [15]. Nonetheless, 


the calculated peak heat release rate is used here as representative of the actual performance. 


The unit total heat release is the area under the heat release rate — time curve; the value 
used for analysis depends on the time frame of interest. As shown in Figures 5(a), 6(a) and 7(a), 
the unit total heat release is influenced by the heat release measured after the active burning 
period. The heat released during this period is not expected to contribute to the potential for 
flame spread, so it is ignored for present purposes and only the heat released during the active 
burning period is included in the calculation of the burning duration and hence the flammability 
parameter. F or present purposes, this is arbitrarily defined as the time following the active 


burning period when the unit heat release rate first falls below 20 kW/m’. 


Calculated values of the unit total heat release are provided in Tables 1(a) to 1(c) for all 
the specimens. They are also plotted in Figure 12 as a function of the number of coats of paint 


for each data set, where the primer coating is counted as one of the coats. Linear curve fits for 
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each data set are also plotted in Figure 12. These curve fits can be used in conjunction with the 
surface paper basis weight and with the average paint application rate to deduce effective heats of 
combustion for the paper and the paint during the active burning period. These are shown in 


Table 3 for the three data sets. 


The effective heats of combustion for both the paper and the paint demonstrate an 
increase with imposed heat flux, as shown in Table 3. At the lower heat fluxes, more smoking of 
the sample occurs before ignition; this apparently contributes to lower combustion efficiency and 
consequently to a lower effective heat of combustion. The effective heats of combustion seem 
low, particularly for the paper, in comparison with published data. This is due, at least in part, to 
neglecting the heat released in the tail region of the heat release rate curves in the calculation of 
the effective heat of combustion during the active burning period. As illustrated in Figures 5(b), 
6(c) and 7(c), only about 60 percent of the total heat release has been realized during the active 
burning period. If the effective heats of combustion shown in Table 3 are normalized by a factor 


of 0.6 to account for this, values more consistent with literature values are achieved. 


The flammability parameter expressed by Equation 1 was calculated for each specimen 
using the values for the ignition time, peak unit heat release rate and unit total heat release 
provided in Tables 1(a-c). Calculated values of the flammability parameter for each specimen 
are shown in Tables 1(a-c), where the flammability parameter is identified as the “Quintiere b 
factor.”’ Calculated flammability parameters for each of the three data sets are plotted in Figure 
13 as a function of the number of coats of paint. Linear curve fits are also plotted in Figure 13. 
In theory, the point where the flammability parameter becomes positive represents the point 


where acceleratory flame spread would be expected instead of local burnout. Based on the linear 
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curve fits shown in Figure 13, this would occur at approximately 10 coats of paint (plus one coat 
of primer) at an imposed heat flux of 35 kW/m’, between 5 and 6 coats of paint (plus primer) at 


50 kW/m’ and between 3 and 4 coats of paint (plus primer) at 75 kW/m’. 


Discussion 

Whether a finish material will spread a flame or will burn out locally can be considered as 
a race between the burning duration of an element that has been ignited and the time to ignition 
of an adjacent element being exposed to the heat flux from the burning element. If an element 
burns long enough to cause ignition of an adjacent element, flame spread can be expected; if not, 
then localized burnout would be expected. This is the essence of the Quintiere upward flame 


spread model. 


The burning duration of an element is a function of the amount of fuel available in the 
element and the burning rate of the element. In turn, the burning rate of an element depends on 


the net heat flux at its surface. This can be expressed as: 


yh ae m"AH . mL 
bien : SS SS ee 


Ou (AHMED) aot 


(2) 


where m” is the combustible finish mass per unit area (kg/m’), L is the effective heat of 
gasification (kJ/kg) of the finish material and q’,, is the net heat flux (kW/m’”) at the burning 
surface After ignition occurs. 

The ignition time of an element depends on its thermophysical properties as well as on 


the imposed heat flux. Typically, finish materials are considered as either thermally thick or as 


thermally thin, depending on the thickness of the finish / substrate assembly as well as on the 
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thermal properties of the assembly. For thermally thick materials subjected to a constant net heat 


flux at the surface, the ignition time can be expressed as: 


1 ATi) 
te =" hx >| (3) 


For thermally thin materials subjected to a constant net heat flux at the surface, the ignition time 
can be expressed as: 


AT, 
Lig = pco tia (4) 


net 


In general, the net heat flux terms in Equations 2, 3 and 4 will not be equal to each other or 
constant. Nonetheless, the potential for flame spread can be evaluated, at least semi- 
quantitatively, by assuming the net heat fluxes in Equations 2, 3 and 4 are proportional to each 
other. With this assumption, the ratio between the burning duration, t,, and the ignition time, Les 
can be evaluated in terms of Equations 2, 3 and 4. If this ratio has a value greater than 1 (i.e., 
t,/t,, >1 ), thena eae would be expected to burn long enough for the adjacent element to 
ignite, in which case flame spread would be expected. For a thermally thick material, the ratio 
between the burning duration and the ignition time evaluates as: 


t, DOL. 
— = See 5 
iz 1 Nie ( ) 


where 6 is the combustible finish mass per unit area (kg/m’), the IRP is an ignition response 
parameter that is similar to the square of the thermal response parameter defined by Tewarson 


[18] for thermally thick materials and y, is an appropriate proportionality constant to account 
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for the ratio between the net heat fluxes in Equations 2 and 3 (1.€., Qe go = HoUnet,£93 ) 


Consequently, for a thermally thick finish, flame spread would be indicated when: 


i, > 2 2) (6) 

This analysis suggests that there is a critical net heat flux for flame propagation on a 
thermally thick finish. At net heat fluxes above this critical threshold, upward flame spread 
would be expected, while localized burnout would be expected at lower heat fluxes. Equation 6 
also shows that the critical net heat flux for flame propagation is expected to vary inversely with 
the coating application rate, which should be nominally proportional to the number of coatings. 
This is illustrated in Figure 14, which shows the number of coats of paint required to yield a 
positive flammability parameter as a function of the imposed heat flux based on the curve fits 
developed in Figure 13. A curve fit for the inverse relationship expected between the critical net 
heat flux for flame propagation and the number of coatings is also shown in Figure 14. The 
value of 356.5 used as the proportionality factor in this curve fit was determined as the average 


value of the heat flux — coating product for the three data points illustrated. 


The effect of preheating can also be considered, at least qualitatively, in terms of 
Equation 6. Preheating of a surface would tend to decrease the effective value of the IRP by 
decreasing the surface temperature increase needed for ignition; it would also tend to decrease 
conduction losses into the surface. This would have the consequence of decreasing the value of 
the critical net heat flux for flame propagation. In the limit, as the surface temperature 
approaches the ignition temperature, the critical net heat flux for flame propagation would 


decrease towards zero. 
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For a thermally thin material, the ratio between the burning duration and the ignition time 


can be expressed as: 


pe L _( cAT, +AH, : 
ifs cAT. a pe tel CAL Ali 


The term y,, represents the fraction of the material that must be vaporized once the material is 


heated to its ignition temperature in order to form an ignitable mixture with air at the surface of 
the material. As long as this fraction ranges between 0 and 1, Equation 7 will evaluate to a value 
greater than or equal to unity. This implies that thermally thin materials will always burn long 
enough to ignite the adjacent fuel element based on this simple thermal model. Whether or not 
flame spread will occur for a thin material depends on the flame length, which in turn is a 
function of the unit heat release rate. Other factors not considered here, such as melting or 
shriveling, the application of fire retardant treatments or other chemical factors, would also have 


an influence on the potential for flame spread on thermally thin materials. 


Attention is now returned to the painted GWB. While the previous discussion addresses 
some of the theoretical considerations related to the potential for flame spread, actual ignition 
times and burning durations were measured in the Cone Calorimeter tests. These measurements 
can be used directly to compare burning durations with ignition times at an imposed heat flux. In 
doing so, Howeved it should be recognized that the heat flux at the surface changes once the 
specimen ignites. Before ignition, the incident heat flux at the surface is simply that imposed 
externally by the Cone heater. Following ignition, this external heat flux is augmented by 


additional heat flux from the flame of the burning material. Some potential impacts of this are 
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discussed below. But first, the burning durations and ignition times at a given imposed heat flux 


are discussed. 


The ratio between the burning duration and the ignition time at a given heat flux is shown 
in Figure 15 for each data set. Figure 15 shows that, with one exception, the burning duration is 
always shorter than the ignition time for the 35 kW/m’ data. For these data, the ratio between the 
burning duration and the ignition time is near unity only for the samples with 8 coats of paint. 
These are the only samples that demonstrated blistering at this heat flux. Similarly, for the 50 
kW/m’ data, the burning duration is less than the ignition time for samples with 2 coats of paint 
or less and generally greater for samples with 4 coats of paint or more. This distinction is 


consistent with the occurrence of blistering at this heat flux. 


The distinction in the burning duration to ignition time ratio is even more pronounced for 
the 75 kW/m’ data. For these data, samples with 1 coat of paint or less have burning duration to 
ignition time ratios near unity, while samples with two or more coats of paint have burning 
duration to ignition time ratios considerably greater than unity, ranging from 2.7 to 8.1. This 
performance is consistent with the occurrence of blistering at this heat flux and can be attributed 
at least in part to the 3- to 4-fold decrease in ignition times that accompanies blistering, as shown 


in Figures 9(a)-(c). 


Specimens that do not blister are expected to behave as thermally thick materials. For 
thermally thick materials, the ignition response parameter is expected to remain constant. By 
assuming that the net heat flux is proportional to the imposed heat flux and that the 


proportionality constant, y,,, is independent of the magnitude of the heat flux, Equation 3 can be 
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solved for an effective ignition response parameter in terms of the ignition time and the imposed 


heat flux as: 


2 
AT; 
ba Se =t,,(92,) = const. (8) 


The effective ignition response parameter expressed by Equation 8 is plotted as a function 
of the coats of paint in Figure 16 for all the specimens. Figure 16 clearly shows a difference in 
the effective ignition response parameter between specimens that blistered and those that did not. 
For the specimens that did not blister, the average value for the effective ignition response 
parameter was 105,374 (kW/m’)’-s, with a range of 66,518 to 158,750 (kW/m’)’-s. This 
compares with values of 104,977 (kW/m’)’-s for “common” GWB and 75,430 (kW/m’)-s for 
“FR” GWB based on thermal properties reported by Quintiere [19] that are derived from LIFT 
tests [20]. For specimens that did blister, the average effective ignition response parameter was 
31,065 (kW/m’)’-s, with a range of 22,050 to 42,875 (kW/m’)’-s. On average, this represents a 


decrease by a factor of 3.4 in comparison with the specimens that did not blister. 


The occurrence of blistering might reasonably be expected to change the flammability 
performance of a surface from that of a thermally thick material to that of a thermally thin 
material. For a thermally thin material, Equation 4 suggests that the total energy required for 
ignition should remain constant provided the ignition temperature is constant. By again 
assuming that the net heaf*flux is proportional to the imposed heat flux and that the 


proportionality constant, y,,-, is independent of the magnitude of the heat flux, Equation 4 is 


rearranged to solve for what is termed here the effective specific ignition energy (SIE,,): 
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CANTER RTE Gg: 
ST eee see (9) 
off 
X ig po 


The effective specific ignition energy is plotted as a function of the total mass of paint 
and primer in Figure 16 for the specimens that blistered. From Figure 16, it is evident that the 
effective specific ignition energy is not quite constant as might be expected for a thermally thin 
material; it decreases with increasing coats of paint as well as with increasing heat flux. It is 
suspected that this behavior may be related to the permeability of the paint film. As additional 
coats of paint are added, the permeability of the surface is expected to decrease. As moisture 
within the GWB evaporates and tries to escape from the surface, it is trapped by the paint film, 
causing a pressure increase that leads to blistering. As the imposed heat flux increases, the rate 
of moisture evaporation will increase, causing a larger pressure rise, and consequently blistering, 
earlier. The results in Figure 16 are consistent with these observations, but more work is needed 
to explore the effects of moisture evaporation and paint film permeability on the potential for 
blistering. Given that the paint film is initially adhered to the GWB substrate, then blisters 
before igniting, the actual performance of painted surfaces most likely falls somewhere between 


that expected of a thermally thick and a thermally thin material. 


At this point, attention is returned to consideration of the effects of the flame heat flux. 
Quintiere and coworkers [21, 22] investigated the magnitude of the flame heat flux in the Cone 
Calorimeter for a gas burner and for a range of thermoplastic materials burning under steady 
conditions. They concluded that the flame heat flux in the Cone Calorimeter is fairly constant 
for a given material provided the flame length is at least twice its effective diameter. They 


determined values of the flame heat flux that ranged from 14 kW/m’ for polypropylene to 37 
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kW/m’ for PMMA, with nylon and polyethylene having intermediate values of 30 and 25 kW/m’, 


respectively. 


Flame heat fluxes were not measured in the Cone Calorimeter tests reported here. The 
method described by Hopkins and Quintiere [21] for determining flame heat fluxes in the Cone 
Calorimeter only works for the quasi-steady burning conditions they described, not for the highly 
transient burning conditions observed here. Consequently, the effect of the flame heat flux in the 


Cone Calorimeter tests reported here is only addressed qualitatively. 


Before a material ignites in the Cone Calorimeter, it is subjected only to the external heat 
flux imposed by the Cone heater. Consequently, the ignition time is that associated with the 
imposed heat flux. Once a material ignites in the Cone Calorimeter, it is subjected to the 
combination of the external heat flux and the flame heat flux. Consequently, the burning rate and 
the burning duration should be that associated with this combined, but unknown, heat flux. 
Therefore, it could be argued that the burning duration associated with the combined heat flux 
should be compared with the ignition time associated with the imposed heat flux only to evaluate 
the potential for flame spread at an imposed heat flux. On the other hand, the combined, but 
unknown, heat flux might be more similar to field conditions, where a fuel element will be 
subjected to an external heat flux until it ignites, then will be subjected to this external heat flux 
in addition to the heat flux from its own flame after it ignites. If this flame heat flux in the field 
is comparable to the flame heat flux in the Cone Calorimeter, then it would be reasonable to use 
the burning duration associated with the imposed heat flux to evaluate the potential for flame 


spread at that imposed heat flux. For the present analysis, this has been done. 
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Summary and Conclusions 

The flammability characteristics of type X gypsum wallboard coated with different layers 
of an alkyd/oil interior paint have been evaluated. The same paint was used for all layers except 
the primer coat, which was also an oil-based paint. The Cone Calorimeter was used to evaluate 
ignition and flammability characteristics under constant imposed heat fluxes of 35, 50 and 75 
kW/m’. Data derived from these Cone Calorimeter tests were used in conjunction with 
Quintiere’s upward flame spread model to evaluate the potential for concurrent flow fire 


propagation on painted GWB surfaces. 


This work suggests that there is relationship between the number of coats of paint on a 
surface and the potential for upward flame spread. As the number of coats of paint increases, the 
critical heat flux to the surface required for flame propagation decreases. Below the critical heat 
flux for flame propagation, local burnout is expected, while above this critical heat flux, flame 
propagation might be expected. Large-scale fire tests would be useful to verify this conclusion 


under realistic enclosure fire conditions. 


During the Cone Calorimeter tests, the phenomenon of blistering was observed where the 
film of paint would delaminate from the GWB substrate under the imposed heat flux. Blistering 
did not occur for all painted samples. Rather, the likelihood of blistering appeared to be a 
function of both the imposed heat flux and number of coats of paint, with more coats of paint 
being required at lower heat fluxes. When blistering did occur, the time to ignition decreased 
dramatically, typically by a factor of 3 to 4 when compared with samples where blistering did not 


occur. Since the potential for flame spread can be viewed as a race between the burnout of 
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already ignited surfaces and the ignition of adjacent surface elements, such a reduction in the 


time to ignition would tend to tip the balance in favor of flame spread. 


Further work is needed to explore the phenomenon of blistering and its effect on the 
potential for flame spread on painted or coated surfaces. This work should include substrates 
other than GWB, coatings other than the alkyd/oil-based paint considered here as well as the 
effects of aging and different combinations of paint / coating types on the potential for blistering. 
Blistering is an issue that affects the everyday performance of coatings and coated surfaces. 
Work related to this phenomenon under normal use conditions should be investigated to see if it 


can be applied to the prediction of blistering under fire conditions. 
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35 kW/m2 


Test No. | 


0003903 1 
0003909 2 
0003910 3 
0003911 4 
0003912 5 
0004502 6 
0004508 7 
0004514 8 
0004804 9 
0003904 10 
0003917 1 
0004503 12 
0004509 13 
0004515 14 


Table 1(a). Data for sample set 1 — 35 kW/m’ exposure samples. 


Unpainted 


0004805 


0005205 


0003905 19 
0003916 20 


108.1 


1coat 


109.6 


| 


110.3 


Pre-test sample mass (g) 


8 coats 


Ignition 
Primer +| Primer +| Primer +| Primer +| Primer +) time, tig 
2 coats | 4 coats | 6 coats 


(s) 


86.2 
92.4 
125.9 
117.3 
115.1 
104.6 
87 
89.3 
113.1 


Flammability parameters 
a 


Burning 


HRR Total HR} guration, | Quintiere 
(kWim?) | (kJ/m?) | t,(s) | b factor 
108.2 | 1804.6 | 16.7 -5.1 
106.6 | 1539.4) 144 6.3 
72.7 | 13284 | 183 ie 
83.3 | 1502.2| 18.0 | -67 
787 | 8852 | 112) faeee 
90.4 | 12545 | 13.9 -7.6 
91.6 | 13375 | 14.6 -6.0 
99.8 | 1430.1 | 14.3 6.2 
69.7 | 1426.2] 20.5 -5.8 


110.3 0e) 2A esi 25 98.9 | 108.2 | 1501.6 | 13.9 

0004510 22 108.9 | 110.7 | 111.3 76.6 85 | 1152.8 | 13.6 

0004516 23 108.5 | 110.1 | 110.6 761 |, 100.4, 1713519 1) 136 

0004806 24 110, 712.4 HT IS0 

0004811 25 112.7 114.0.) 1146 

0004816 26 11t-O)guti113.14 0113.8 

0005206 27 Tie edes 113.0 

0003906 28 106.9 | 108.3 | 109.0 | 110.3 

0003915 29 109.7 MIAO MATa eis 2 

1126 | 113.9 | 114.7 | 116.1 

0004511 31 119:0 12.6 5 seats 

0004517 32 MES NIOSH tte 

0004807 33 1124 | 1142 | 114.9 | 116.1 

0004812 34 Tote 113.50) 1142 sie1156 70 89 | 2368.6 | 26.6 -2.7 

0004817 35 113.1 114.8 | 1155 | 116.8 JAS i214 e228 5 

1133.90) 81147 21P115 28 1165 70.8 | 104.8 | 1857.6 | 17.7 -3.9 

0003907 37 113.1559) 114.4" 9115.0 176.5 17.8 87.2 | 155.7 | 2627.9 | 16.9 4.6 

412.5'H413.49 | 194.5 eb 4164 82 169.2 | 3514.5 

0004506 | 39 Pe EE a ee 79 270 | 2992.2 

113.9 | 1146 | 116.0 | 117.4 88.8 | 190.6 | 3082.3 

0004802 M1 108.87 ¥)|\ 110.5005 11140701124 13.9 71.6 | 144.3 | 3198.2 

110.1; | 111.0 | 112.49 |) 113.7 97.7 123 | 2700.7 

1431413. 7o 4516.9 

0004818 44 112.4° | 11420) 914.85) 116.0 mize 

0005208 45 108.5 | 110.2 | 111.0 | 112.5 | 114.0 22.6 | 123.7 | 1954.1 

0003908 46 107.2 | 106.1 | 106.7 | 108.0 | 109.6 20.3 | 206.7 | 2672.4 

0003913 47 106.9 | 110.5) )0119.4 12:25) 9113.6 9114.59) 24.2" 190.7) 2406 

0004507 48 110.4 FTAA 11S ean aa eet ios 18 

0004513 49 109.8. | 111.3 | 112.1 J 113.3 114.7455) i 25.7. | 185.5 | 2776.81) 3500 bee 

113.5 | 1152 | 1157 | 1169 | 1184 

0004809 51 712.0) 113.8. | 114.5) 4116.0) ti 7 Ss ies 25 138.3 | 2943 | 213 {| 08 | 

0004814 | 52 110.2" PeAatt9"| 112.6 | 413.9 |) 1156 e650) 256 | 144.9] 20652 1920.56) One 

| 0004819 | 53 | 105.1 | 1066 | 1073 | 1086 | 110.2 | 1109 | 226 | 154.1 | 36417 | 236 | -04 | 

1116 | 113.2 | 1139 | 218 | 1629 | 31602 
Average] 140.5 | (111.7 | 112.6 99-114.0_ |) 115: 2/AS Oe oe | fe eS ee 
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Table 1(b) — Data for sample set 2-50 kW/m’ exposure samples. 


Pre-test sample mass (g) Flammability parameters 


Ignition 
Primer +| Primer +| Primer +| Primer +| Primer +) time, tig 


Peak Burning 
HRR_ | Total HR duration, | Quintiere 


TestiNo. Unpainted| 1coat | 2coats | 4coats | 6 coats | 8 coats (s) | (kW/m’)| (kJ/m?) | t,(s) | b factor 
0000502 112.4 : 
0000503 2 112.1 

3 111.4 

4 113.6 

108.8 

0000507 6 114.0 

0000508 7 115.6 

0000509 8 114.3 

0000510 9 112.9 

112.0 
0000512 11 105.8 | 107.2 
0000513 12 110.8 | 112.5 

111.3 | 112.7 

108.5 | 109.9 
0002401 15 105.7 | 107.1 
0002402 16 105.5 | 106.9 


0002403 id 110.8 112.2 
0002703 18 111.5 112.8 
0002704 19 107.3 108.6 


0002705 20 109.6 | 111.0 
0002706 21 109.1 | 110.5 
0002707 22 110.4 | 111.7 
0002708 23 107.6 | 108.9 
0002709 24 109.5 | 110.8 


107.9 | 109.4 
| 0002711 | 


0002711 26 106.0 107.5 
0002712 ne 110.4 11.9 
0002713 28 104.9 106.4 107.3 108.4 
0002714 29 105.8 107.2 108.0 109.2 


0002715 30 108.8 110.2 119-250) 0112.4 
0002716 31 108.1 109.4 110.25e a5 


0002717 32 107.608 109.15 | 9410.19) td 1.3 
0003802 33 108.70 6110.4 | o111.4 112.6 
0003803 34 1104 ed 14.6") 4112 50h 113.8 
35 107.3 109.0 | 110.1 | 111.2 
0003805 36 107.5) 109.2' | 110.2) 19111.4 
0003806 37 190.4 ).0111.9 1112.6 13:9 115.6 
0003807 38 107.9" | 9409.5" | 110.3%) 111.5 | 9113.2 


0003808 | 39.~=«| «110.4 :~(| 117.9 | 1127 | 1139 | 1154 
0003809 | 4 108.9 | 1104 | 111.4 | 1123 | 113.9 


0 
41 104.9 | 1064 | 107.2 | 108.4 | 110.0 
42 107.9 Weet09.4.0 1109.9. 151194,0519112.8 
43 105.0 | 106.6 | 107.2 | 108.4 | 110.0 
0003813 | 44 115.3. e116.9 | 9117.50 118.8 (1120.9 
0003814 | 45 1125 | 114.1 | 114.9 | 115.8 | 118.0 
0003815 | 46 409-5) “teat d e4 st 11:7 115.5 11 233 | 5525 24 0.9 
1140 | 1156 | 1165 | 12 | 280 
413.1) 1114.9 15.7 12 242 | 5951 25 1.0 
0003818 | 49 107.2 | 108.7 110.5 | 1124 | 113.2 11 265 | 5587 21 ted 
0003820 | 51 109.7 | 111.7 | 112.4 13 304 | 3454 11 0.9 


114.1 114.8 12 241 


Table 1(c) — Pre-test mass data for sample set 3 — 75 kW/m’ exposure samples. 


75 kWim2 Pre-test sample mass (9) 
Ignition Pea Burning 
Primer +| Primer +| Primer +| Primer +| Primer +/ time, tg | HRR | Total HR} quration, | Quintiere 
Test No. | Sample | Unpainted| ‘coat | 2 coats | 4 coats | 6 coats | 8 coats (kWim?) | (kd/m*) | t,(s) | b factor 
0005211, 1~~|~~«110.9 7 2389 | 21 
0005216 2 115.0 7%) 116 2170 19 “1.1 
0005302 3 111.8 21 124 2171 18 -1.0 
0005308 | 4 111.4 22 112 1970 18 “1.1 
0005316 5 106.7 17 127 2355 19 --0.6 
0005904 6 107.7 15 105 1708 1606-08 
0005910 7 113.7 22 91 1512 17 -1.4 
0006206 8 109.5 19 98 1870 19 -1.0 
0006208 9 108.9 _ 16 102 1762 17 -0.9 
10 A994 ee91207 19 113 | 2809 25 -0.6 
0005217 11 At07%  US112.2 17 133 2599 20 -0.6 
0005303 42 i eai08 Vati25 20 100 2510 25 -0.8 
0005309 13 110.9 | 112.9 23 101 2255 22 -1.0 
0005317 14 112.1 113.9 25 94 2297 24 -1.4 
0005905 15 109.6 | 111.5 21, “N84 | }a887 23 “1.1 
0005911 16 109.4 | 111.5 18 87 2200 25 -0.8 
0006209 17 | 25106,2. 9{108:0 17 95 2193 23 
0006204 18 108.2 | 109.9 19 99 1980 20 -0.9 
0005212 19 402-5 ))at140 6 85 3150 a7 -0.3 
0005218 20 109.5 | 110.9 6 111 3237 29 
0005304 21 109.4 | 110.9 | 111.7 5 101 2890 29 
0005310 22 1115 60120) | S1138 95 3406 36 -0.2 
0005318 23 410.9 PA1I2.3 (41132 101 $302. | 333 -0.2 
0005906 24 411:7. P13 | CTIA 68 2402 36 -0.5 
0005912 25 110.1 4120 1113.2 76 2692 35 -0.4 
0006210 26 114.8 | 116.6 | 117.8 66 2705 41 -0.5 
0006203 27 111.1 113.1 | 114.2 77 2738 36 -0.4 
0005213 28 14133. eti32 | )a414-3 ads 4 
0005219 29 108.0 | 109.9 | 110.7 | 111.8 
0005305 30 107.5 | 109.2 | 110.3 | 111.4 
0005311 31 110.8. )|/9112:5. || at13.4 746 
0005319 32 108.0 | 109.7 | 110.8 | 112.0 
0005907 33 107.7 | 109.4 | 110.6 | 111.7 
0006202 34 110.2 | 112.0 | 113.0 | 114.4 
0006211 25 417.0 [412.6 | 6413.9919115.2 
0006207 36 1123. | HI40 8) S115 Ome? 
0005214 a7 113.0 | 114.8 | 115.9 | 117.0 | 119.0 
0005220 38 112.0; [R136 | i147 eae ata 7-6 
0005306 39 105.4 | 107.3 Wiha 
0005312 40 WAG | wds.4 | 14 ASS a 7s 
0005314 115.1 192 4742 25 
0005320 197 5037 26 0.7 
0005908 151 4083 27 0.3 
136__| 4306 
0006205 136 | 4102 30 0.1 
46 109.8 | 111.5 : 
0005221 47 107.5 | M1092} 110.0 44121, e1s-0 vaetisd 
0005307 48 dad S) (M1341 || 114.2 (9115.4 Winds panto 
0005313 | 49 A15;7. 47.3 «| 2418.4 6 251 4268 
0005315 50 112.4 | 114.0 | 115.0 | 116.4 | 118.2 | 119.0 
0005903 | 51 113.8 | 115.5 | 116.7 | 117.9 | 119.9 | 120.8 6 231 | 4902 
0005909 | 52 413.4." P51 1) 016.2 17.3 1495 i203 eG 8 Tsai? 
0006213 53 110.0. (VAaS7 1) 12:7.) (914.0 GGT | eett0 c 212 5471 26 0.8 
0006214 | 54 408.65 | A021) 81412 « [112.4 7 187 | 5094 27 0.6 
Average | 110.7 | 1125 | 113.7 | 114.8 | 117.3 | 118.1 
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Table 2. Reported composition of the alkyd/oil semi-gloss interior enamel used for this project. 


Component 


Percent of Mixture 


6.2 — 25.2 


Calcium carbonate 


Diatomaceous earth 0-—2.6 
Exempt mineral spirits 15.3 — 18.6 
Hydrous aluminum silicate 0- 16.1 
Odorless mineral spirits 8.2 — 13.0 
Oilseed compound 0-—5.9 
Synthetic resin complex 24.0 — 27.8 
Titanium dioxide 0— 21.6 
Xylene 0.3-1.0 


Zinc oxide 0-—0.6 


Table 3. Effective heats of combustion for paper and paint 


Data set 


Imposed heat flux (k W/m’) 


Paper basis weight (g/m* 220 
Heat release for paper only (kJ/m’) 879 


Paper effective heat of combustion 
(kJ/g) 


4.0 
Paint application rate (dry basis) 45.5 
(g/m*/coating) 


Paint heat release (kJ/m’/coating) 


Paint effective heat of combustion 
(dry basis) (kJ/g) 


Paint effective heat of combustion 
(organic basis — 35%) (kJ/g) 
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Figure 1. Average paint mass per sample for sample set 1 — 35 kW/m‘ heat flux. 
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Figure 2. Average paint mass per sample for sample set 2 — 50 kW/m” heat flux. 
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Figure 3. Average paint mass per sample for sample set 2 — 75 kW/m” heat flux. 
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Figure 4. Paint application rates per coating (dry basis) for three sets. 
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Figure 5(a). Heat release rate and total heat release histories for Test 0004505 — 35 kW/m”. 
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Figure 5(b). Mass loss rate and sample mass histories for Test 0004505 — 35 kW/m’. 
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Figure 6(a). Heat release rate and total heat release histories for Test 0002715 —50 kW/m’. 
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Figure 6(b). Mass loss rate and sample mass histories for Test 0002715 — 50 kW/m’. 
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Figure 7(a). Heat release rate and total heat release histories for Test 0005305 —75 kW/m’. 
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Figure 7(b). Mass loss rate and sample mass histories for Test 0005305 — 75 kW/m’. 
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Figure 8(a). Comparison of heat release rate curves for different coatings — 35 kW/m’. 
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Figure 8(b). Comparison of heat release rate curves for different coatings — 50 kW/m’. 
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Figure 8(c). Comparison of heat release rate curves for different coatings — 75 kW/m’. 
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Figure 9(a). Ignition times for data set 1 — 35 kW/m? heat flux. 
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Figure 9(b). Ignition times for data set 2 — 50 kW/m’ heat flux. 
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Figure 9(c). Ignition times for data set 3 — 75 kW/m’ heat flux. 


SECO te eC) mee 90) PS) ee he OA ee, 109 


37 


Average Ignition Time Based on Number of Coats of Paint 
35 kW/m? Exposure 


82.24 
St. Dev.=12.87. 


69.68 St Dev.=22.58 
StDev=6.11 my 


baa 
St Dev.=4.79 


Unpainted 1 Coat 2 Coats 4 Coats 6 Coats 8 Coats 


Figure 10(a). Average ignition times for data set 1 — 35 kW/m‘ heat flux. 
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Figure 10(b). Average ignition times for data set 2 — 50. kW/m” heat flux. 
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Figure 10(c). Average ignition times for data set 3 — 75 kW/m’ heat flux. 
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Figure 11. Peak unit heat release rate as a function of coats of paint for each data set. 
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Figure 12. Unit total heat release as a function of coats of paint for each data set. 
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Figure 13. Calculated flammability parameter as a function of coats of paint for each data set. 
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Figure 14. Number of coats of paint required to yield a positive flammability parameter. 
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Figure 15. Burning duration to ignition time ratio as a function of coats of paint for each data set. 
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Figure 16. Effective ignition response parameter for all specimens. 
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Figure 17. Effective specific ignition energy for specimens that blistered. 
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